Dexmedetomidine, which is a selective α2-adrenoceptor agonist, was recently introduced into clinical practice for its analgesic properties. The purpose of this study was to evaluate the effects of dexmedetomidine in a vincristine-evoked neuropathic rat models. SpragueDawley rats were injected intraperitoneally with vincristine or saline (0.1 mg/kg/day) using a 5-day-on, 2-day-off schedule for 2 weeks. Saline and dexmedetomidine (12.5, 25, 50, and 100 µg/kg) were injected to rats developed allodynia 14 days after vincristine injection, respectively. We evaluated allodynia at before, 15, 30, 60, 90, 120, 180, and 240 min, and 24 hr after intraperitoneal drug (normal saline or dexmedetomidine) injection. Saline treatment did not show any differences for all the allodynia. Maximal paw withdrawal thresholds to mechanical stimuli were 3.0 ± 0.4, 9.1 ± 1.9, 13.0 ± 3.6, 16.6 ± 2.4, and 24.4 ± 1.6 g at saline, 12.5, 25, 50, and 100 µg/kg dexmedetomidine injection, respectively. Minimal withdrawal frequency to cold stimuli were 73.3 ± 4.2, 57.1 ± 6.8, 34.3 ± 5.7, 20.0 ± 6.2, and 14.3 ± 9.5 g at saline, 12.5, 25, 50, and 100 µg/kg dexmedetomidine injection, respectively. Dexmedetomidine shows a dose-dependent antiallodynic effect on mechanical and cold stimuli in vincristine-evoked neuropathic rat models (P < 0.05).
INTRODUCTION
Vincristine-evoked painful neuropathy is one of the major doselimiting adverse effects by cancer chemotherapy with vincristine. Not only does it lead to termination of the treatment of cancer patients, but also worsens the quality of their lives (1) . The exact mechanism underlying vincristine-induced peripheral neuropathy is still unknown (2) . Until now, tricyclic antidepressants, anti-convulsants, opioids, and non-steroidal anti-inflammatory drugs are prescribed for the treatment of vincristine-induced peripheral neuropathy, but their effect and safety are limited (3) .
Dexmedetomidine, which is a selective and potent α2-adrenergic receptor agonist, is well known for its sedation and analgesic effects during the perioperative period and in critical care (4) . It is also reported that dexmedetomidine showed an analgesic effect in an ischemic, acute postoperative, and intractable cancer pain of human and herpetic stomatitis after living-donor lung transplantation (5) (6) (7) . Moreover, dexmedetomidine exhibits antinociceptive actions on postoperative, streptozotocin-induced, complete Freund's adjuvant (CFA)-induced, formalininduced, carrageenan-induced inflammatory, acute nociceptive, and neuropathic pain in various animal models (8, 9) . However, there is not any report on the effect of dexmedetomidine on chemotherapy-evoked peripheral neuropathy including vincristine-evoked neuropathy in clinical or preclinical settings.
Therefore, we investigated the analgesic effects of intraperitoneal dexmedetomidine by assessing the withdrawal responses to mechanical and cold stimuli in vincristine-evoked peripheral neuropathic rat models in order to examine the possibility of treating vincristine-evoked peripheral neuropathy in cancer patients with dexmedetomidine.
MATERIALS AND METHODS

Animals
The animal studies were performed after receiving approval of our institutional animal care and use committee at the Catholic University of Korea (approval No. CUMC-2010-0062-05, the date of protocol approval: February 1, 2010). Rats were housed up to 3-4 per plastic cage and maintained on a 12 hr light/dark cycle. Food and water were available freely. Sprague-Dawley male rats (200-250 g) were used in this experiment. These rats were adjusted to the environment for at least 7 days before starting the experiment. In all studies, the investigator was blinded to drug treatments.
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Vincristine injection
The vincristine-evoked peripheral neuropathic model was used in this study. Baseline responses to mechanical, cold, and heat stimuli of the both hindpaws were used on day 1 (baseline). After behavioral testing, rats received intraperitoneal injections of either vincristine sulfate (Sigma Aldrich Co., St. Louis, MO, USA) (0.1 mg/kg/day; n = 11) or saline (0.1 mg/kg/day; n = 5) daily for 2 weeks. The treatment schedule consisted of 5 daily injections, followed by a 2-day off which means no injections, and then followed by 5 daily injections, as described by Weng et al. (10) . On day 15, rats that showed withdrawal responses to 4 g or less von Frey hairs (Stoelting Co., Wood Dale, IL, USA) were considered allodynic, and used in the study.
Drug administration
Neuropathic rats were allocated into 5 groups randomly. Each group received intraperitoneally either normal saline (n = 6) or dexmedetomidine (Precedex ® Inj., Hana Pharm Co., Seoul, Korea) at 12.5, 25, 50, and 100 µg/kg (n = 7 per each group).
Behavioral tests
All behavioral testing was conducted during the daytime to avoid circadian rhythm errors by the same investigator. Rats were subjected to mechanical withdrawal threshold test, cold withdrawal frequency test, and heat noxious threshold test. All tests were performed at before (Pre), 15, 30, 60, 90, 120, 180, and 240 min, and 24 hr after the administration. The mechanical threshold was measured using the up-down method with the von Frey hairs (1.0-26.0 g). We recorded the gram of minimum von Frey hair that initiated a withdrawal response. The cut-off threshold was recorded as 26.0 g.
Cold withdrawal frequency test was measured using a percentage withdrawal frequency (the number of withdrawal responses/the number of trials × 100) after application of 100% acetone to the both hindpaws. The test was repeated 5 times. The heat thresholds for hyperalgesia were measured using an increasing-temperature hot plate (IITC Life Science, Woodland Hills, CA, USA), which was heated up from 30°C at a rate of 12°C/ min until the rat showed a withdrawal response. The final cutoff temperature was 55°C. All data were presented as the mean of two values from both hindpaws. We also evaluated the rotarod test (Ugo Basile, Comerio, VA, Italy) to observe changes in the locomotor function of the treated rats. After acclimatization for 2 days (3 training trials on the revolving drums of 10-15 rpm), we measured the rotarod time at each time point after intraperitoneal administration.
Statistical analysis
Results are presented as mean ± standard error of mean. Two ways ANOVA was performed to determine general differences, depending on the treatment group and time. This was followed by post hoc Bonferroni multiple comparisons' test. A percentage of the maximum possible effect (%MPE) was analyzed with one-way ANOVA, followed by post hoc Newman-Keuls multiple comparisons' test for dose-response curves. A %MPE was calculated as follows: (treatment threshold-baseline threshold)/ (cut-off threshold-baseline threshold) × 100 for mechanical allodynia; and (baseline frequency-treatment frequency)/(baseline frequency) × 100 for cold allodynia. ED50 was calculated from nonlinear regression with variable slope using Prism 5 software. All analyses were performed with Prism 5 (GraphPad Software Inc., La Jolla, CA, USA) and a P value of < 0.05 was considered significant.
RESULTS
Effects of the vincristine injection on allodynic thresholds
No rats injected with either vincristine or saline showed any motor abnormality or complication. The vincristine-injected rats did not gain weight during the injection schedule. However, they looked healthy. Saline did not induce any hyperalgesia or allodynia. Vincristine injection produced significant mechanical and cold allodynia after the 2-week injection schedule (P = 0.002 and P = 0.005) (Fig. 1A, B) . However, heat nociception remained stable over the 2-week observation period (P = 0.710) (Fig. 1C) . Mechanical threshold was significantly decreased during 5 days to 15 days after vincristine injection (Fig. 1A ) and cold withdrawal frequency was increased during 9 days to 15 days after vincristine injection (Fig. 1B) .
Mechanical allodynia
After vincristine injection, mechanical allodynia developed in 75.5% of the experimental rats after two weeks. In the vehicle group, the mechanical thresholds were 2.3 ± 0.6, 3.0 ± 0.4, 2.5 ± 0.5, 2.3 ± 0.5, 1.9 ± 0.5, 1.9 ± 0.5, 1.8 ± 0.5, 1.9 ± 0.5, and 2.3 ± 0.6 g at before (Pre), 15, 30, 60, 90, 120, 180, and 240 min, and 24 hr after saline injection, respectively. The withdrawal threshold increased at 30 min for 12.5 µg/kg, from 30 to 60 min for 25 µg/kg, from 30 to 120 min for 50 µg/kg, and from 15 to 180 min for 100 µg/kg, as compared to the vehicle group (P = 0.002) ( Fig. 2A) . Intraperitoneal injection of dexmedetomidine decreased mechanical allodynia dose-dependently (P < 0.001) (Fig. 2B) . The ED50 was calculated to be 35.71 µg/kg (95% CI, 24.83-46.60).
Cold allodynia
During the vincristine injection schedule, cold allodynia developed in 69.4% of the experimental rats after two weeks. In the vehicle group, the cold withdrawal frequencies were 80.0 ± 5. at 30 min for 25 µg/kg, from 15 to 60 min for 50 µg/kg, and from 15 to 120 min for 100 µg/kg (P = 0.004), as compared to the vehicle group (Fig. 3A) . Intraperitoneal administration of dexmedetomidine also attenuated cold allodynia dose-dependently (P < 0.001) (Fig. 3B) . The ED50 was calculated to be 24.78 µg/kg (95% CI, 19.71-29.86).
Rotarod test
Injection of 12.5, 25, and 50 µg/kg of dexmedetomidine did not reduce the rats' rotarod time significantly, when compared to the vehicle group (P = 0.341). However, the rotarod time was reduced to 80.0 ± 15.1, 108.4 ± 12.7, and 120.6 ± 12.9 sec at 30, 60, and 90 min after 100 µg/kg dexmedetomidine administration, respectively (P < 0.001) (Fig. 4) . 
DISCUSSION
In this study, we validated vincristine-induced rat models showed mechanical and cold allodynia. Additionally, we found that intraperitoneally injected dexmedetomidine could reverse mechanical and cold allodynia dose-dependently in vincristineinduced neuropathic rats. Until now, there has been no study that has described the effect of dexmedetomidine in an animal chemotherapy-induced peripheral neuropathic model. Considering that dexmedetomidine is a selective and potent α2-adrenergic receptors agonist, there is only one study that has presented analgesic effects of clonidine as one of the alpha-2 adrenoceptor agonists in chemotherapy-induced neuropathic pain model. According to the study by Lynch et al. (3) , clonidine demonstrated effects of reducing mechanical allodynia in a vincristine-induced neuropathic rat model. However, in this study, the vincristine-filled mini-osmotic pump (30 μg/kg/day for 14 days, intravenously) developed by Nozaki-Taguchi et al. (11) was implanted in rats and made assessments on the effects of clonidine on mechanical allodynia only at a specific time point. Unlike the study performed by Lynch et al., we used the method of Weng et al. (10) (0.1 mg/kg/day, 5-day-on, 2-day-off schedule for 2 weeks, intraperitoneally). We also identified that dexmedetomidine had dose-dependent analgesic effects on mechanical and cold allodynia at pre-injection and 15-, 30-, 60-, 90-, 120-, 180-, and 240-min, and 24 hr after injection, by classifying the doses of dexmedetomidine as 12.5, 25, 50, and 100 μg/kg. Given that dexmedetomidine is highly selective and specific to alpha-2 adrenoceptor, 7-8 times more than clonidine, and does not trigger severe respiratory depression (12, 13) , it was expected that dexmedetomidine would have stronger analgesic effects with less side effects. Therefore, it is considered more useful than clonidine for actual application in a clinical patient. It is still unclear how dexmedetomidine manifests an antiallodynic effect on vincristine-evoked peripheral neuropathy. However, the result that intraperitoneal administration of dexmedetomidine showed a dose-dependent reversal of allodynia in the vincristine-induced neuropathic rats from this study implicates that alpha-2 adrenoceptor is related to the pain control of chemotherapy-induced neuropathy. The alpha-2 adrenoceptor is distributed in the nerve system including primary afferents and dorsal horn neurons in the spinal cord as well as the brain (14) . According to Brede et al. (15) , dexmedetomidine in this study might have an analgesic effect through alpha-2A and alpha-2C adrenoceptor. Dexmedetomidine demonstrated the antinociceptive effect when administered to the locus coeruleus of the brainstem in rat (16) , and systemically administered medetomidine in rat produced antinociceptive responses of both medial thalamic and spinothalamic tract neurons in a dose-dependent manner (17) . However, in that study, the finding that 100 µg/kg medetomidine inhibited the nociceptive response of the medial thalamic neuron more significantly than that of the spinothalamic tract neuron (17) made it possible to explain the supraspinal level mechanism of dexmedetomidine. In addition, it has been well known that dexmedetomidine has antinociceptive effects at the spinal cord level from intrathecal or epidural administrations of dexmedetomidine in various animal models (8, 9) . Lastly, a study addressed that administration of a peripherally restricted alpha-2 adrenoceptor antagonist blocks the analgesic actions of dexmedetomidine in neuropathic rats (18) . Another recent clinical research demonstrated that the intra-articular administration of dexmedetomidine had postoperative analgesic effects in arthroscopic knee surgery (5) . The other clinical study showed that topically administered dexmedetomidine to the wound sites presented as having antihyperalgesic effect in bilateral third molar surgery (6) . These three articles suggest that dexmedetomidine had peripheral analgesic effects. Therefore, it was likely that the analgesic effect from intraperitoneal administration of dexmedetomidine in this study was accomplished through mechanisms at the supraspinal, spinal and peripheral levels.
Meanwhile, the intraperitoneal administration of dexmedetomidine in a spinal cord injury model of rat had significantly reduced the level of tumor necrosis factor-alpha (TNF-α) and interleukin (IL)-6 which increased after spinal cord injury (19) . Besides, the administration of dexmedetomidine reduced the levels of TNF-α, IL-1, and IL-6 in patients with severe septic manifestation subsequent to the ileus surgery (20) . Although the mechanism of vincristine to trigger neuropathic pain has not been well understood, various hypotheses have emerged.
One of them states that an increase of TNF-α was observed from the sciatic nerve of a vincristine-induced neuropathic rat model (21) . TNF-α was significantly up-regulated at spinal cord of vincristine-induced allodynic mice. But, when administered a neutralizing antibody of TNF-α, vincristine-induced mechanical allodynia was significantly reduced (22) . Also, when administered a drug agent that blocks IL-1β release in the vincristine-induced neuropathic rat model, tactile allodynia reduced (23) . The IL-6 levels were increased in both sciatic nerve and dorsal root ganglion of vincristine-induced allodynic mice whereas a neutralizing antibody of IL-6 administered to an ambient area of the sciatic nerve significantly reduced vincristine-induced mechanical allodynia (24) . Moreover, the occurrence of vincristine-induced mechanical allodynia in IL-6 knock-out mice was lower than in wild type mice (24) . To this end, it was suggested that induction of proinflammatory cytokine such as TNF-α, IL-1, and IL-6 could be the cause of vincristine-induced neuropathy (25) . Thus, it is considered that anti-inflammatory action of dexmedetomidine could have effects on analgesia of vincristine-induced neuropathy.
Secondly, the intrathecal administration of dexmedetomidine in the postoperative pain model and formalin model of rats reduced Fos activation of the spinal dorsal horn (9, 26) . Fos expression was observed as significantly activated not only at superficial and deep layers but also at intermediate layers of spinal cord in the vincristine-induced neuropathy rat model (12) . Interestingly, Fos protein was known as being distributed widely in the dorsal horn of a vincristine-evoked neuropathy rat model than in that of a nerve injury rat model (27) . Therefore, dexmedetomidine-induced reduction of Fos activation at the spinal cord level can be considered to be another anti-allodynia-presenting mechanism in vincristine-induced neuropathy.
Thirdly, the intrathecal administration of dexmedetomidine in anaesthetized rats had dose-dependently reduced nociceptive C fiber-evoked responses by transcutaneous electrical stimulation (28) . C-fiber nociceptors had shown significant hyperresponsiveness against suprathreshold mechanical and heat stimuli in the vincristine-induced neuropathy rat model (29) . To this end, it would be possible to presume that the effects of dexmedetomidine on reduction of nociceptive C fiber-evoked responses would be the third mechanism that showed anti-allodynia in vincristine-induced neuropathy.
Finally, both intraperitoneal and intrathecal administrations of dexmedetomidine in a monoarthritic rat model significantly inhibited the glial activation of astrocytes and microglia in the spinal cord (30, 31) . The intraperitoneal administration of propentofyllinne in vincristine-induced neuropathic rats, which is a glial modulating agent, reduced the mechanical allodynia as well as the spinal astrocytes and microglia activation (32) . This made it possible to infer the inhibition effects of dexmedetomidine on spinal glial cell activation as the last mechanism that http://dx.doi.org/10.3346/jkms.2012.27.11.1411
showed anti-allodynia in vincristine-induced neuropathy.
In summary, the beneficial effect of dexmedetomidine on vincristine-induced peripheral neuropathy in this study may be due to a combination of anti-inflammatory effects, like as Fos expression-reductive effect, nociceptive C fiber-evoked responses-reductive effect, and spinal glial cell activation-inhibitive effect.
The most common side effect of dexmedetomidine is sedation (33) . The examination of this side effect is clinically important because the side effect limits the use of higher dose dexmedetomidine to continuously treat cancer patients. Additionally, if rats in this experiment were sedated by dexmedetomidine, the analgesic effect of dexmedetomidine would have been exaggerated. But, according to rotarod testing, only the 100 µg/kg of systemic dexmedetomidine decreased the rotarod performance. So, it is thought that the anti-allodynic effect of dexmedetomidine at 12.5, 25, and 50 µg/kg is not exaggerated by the sedative effect of dexmedetomidine.
In the present study, identifying how dexmedetomidine have analgesic effects on vincristine-induced neuropathy was something lacking. It is considered that future studies may be conducted to identify the exact action mechanism of dexmedetomidine on vincristine-induced neuropathy and reduce the side effects of dexmedetomidine. Of course, clinical studies should be implemented pre-emptively before applying to patients in actual practice.
In conclusion, this study shows that vincristine induces peripheral neuropathy in rats and dexmedetomidine attenuates hyperalgesia by mechanical and cold stimuli in these neuropathic rats, but sedation appears at the dosage of 100 µg/kg.
